A series of pseudo-binary compounds MgZn2-xPdx (0.15 ≤ x ≤ 1.0) were synthesized and structurally characterized to understand the role of valence electron concentration (vec) on the prototype Laves phase MgZn2 with Pd-substitution. Three distinctive phase regions were observed with respect to Pd content, all exhibiting fundamental Laves phase structures: 0.1 ≤ x ≤ 0.3 (MgNi2-type, hP24; MgZn1.80Pd0.20(2)), 0.4 ≤ x ≤ 0.6 (MgCu2-type, cF24; MgZn1.59Pd0.41(2)), and 0.62 ≤ x ≤ 0.8 (MgZn2-type, hP12: MgZn1.37Pd0.63 (2)). Refinements from single-crystal X-ray diffraction indicated nearly statistical distributions of Pd and Zn atoms among the majority atom sites in these structures. Interestingly, the MgZn2-type structure re-emerges in MgZn2-xPdx at x ≈ 0.7 with the refined composition MgZn1.37(2)Pd0.63 and a c/a ratio of 1.59 compared to 1.64 for binary MgZn2. Electronic structure calculations on a model "MgZn1.25Pd0.75" yielded a density of states (DOS) curve showing enhancement of a pseudogap at the Fermi level as a result of electronic stabilization due to the Pd addition. Moreover, integrated crystal orbital Hamilton population (ICOHP) values show significant increases of orbital interactions for (Zn,Pd)-(Zn,Pd) atom pairs within the majority atom substructure, i.e., within the Kagomé nets as well as between a Kagomé net and an apical site, from binary MgZn2 to the ternary "MgZn1.25Pd0.75". Multi-centered bonding is evident from electron localization function (ELF) plots for "MgZn1.25Pd0.75", an outcome which is in accordance with analysis of other Laves phases.
Introduction
Laves phases [1] constitute a large family of intermetallic compounds with composition AB 2 and also show wide range of physical properties such as spontaneous magnetism, [2] magnetocaloric effects [3] , hydrogen storage capabilities, [4] and superconductivity. [5] Conceptually, the stability of Laves phases has been rationalized based upon geometrical and the electronic factors. [6] The geometrical aspect includes atomic size ratios and packing densities; the electronic factors include valence electron concentrations (vec) and electronegativity differences between constituent elements A and B. The ideal geometrical condition for the stability of Laves phases requires the radius ratio of the constituent elements r A /r B to be (3/2) 1/2 = 1.225, but experimental findings have shown that these ratios can vary from 1.05 to 1.67 [7] .
Although numerous AB 2 compounds crystallize as Laves-type phases, their stabilities cannot be directly correlated to either geometric or electronic factors alone; both, in fact, play important roles in stabilizing the Laves phases as shown by the work of Pettifor [8] and Stein. [6a, 9] To gain further insights about the structural stability, as well as physical and chemical properties of Laves phases, electronic structure and bonding analyses have been studied extensively. [6b, 10] One recent report by Ormeci et.al [11] examined chemical bonding features of AB 2 Laves phases using the Quantum Theory of Atoms in Molecules (QTAIM) and Electron Localization indicator (ELI-D) approaches. They concluded that if the electronegativity difference between constituent elements A and B is small, the charge transfer will be small; therefore, the structure exhibits multi-centered bonding. If the electronegativity difference is large, charge transfer will be larger, which results in the formation of polyanions (B 2 δ-).
Most Laves phases crystallize in one of three different structure types: (i) cubic MgCu 2 -type (C15, [1a, 12] cF24), hexagonal MgZn 2 -type (C14, [1a, 12] hP12), and hexagonal MgNi 2 -type (C36, [1a, 12] hP24). Komura [13a] and MgZn 2-x Ag x . [14] [15] They also found a strong correlation between their crystal structures and vec within these series of compounds. Among main group Laves phases, like CaAl 2-x Mg x [16] and CaAl 2-x Li x , [17] structural correlations have also been observed. For CaAl 2- x Mg x , the structures follow the sequence, MgCu 2 → MgNi 2 → MgZn 2 as vec decreases. This trend was explained using first principles calculations on the basis of fourth moment differences in the electronic density of states (DOS). [16] Based on behavior from several pseudo-binary systems, [13, 14b] MgZn 2 -type structures typically occur for higher vec, but in CaAl 2-x Mg x , the MgZn 2 -type structure is stabilized at lower vec, an outcome that is ascribed to its higher fourth moment compared to the MgCu 2 -type. [16] The CaAl 2-x Li x system [17] follows a similar structural trend as CaAl 2-x Mg x . On the other hand, in CaAl 2-x Zn x , the structures change from MgCu 2 → MgNi 2 → KHg 2 with increasing Zn content, i.e., decreasing vec. At the Zn-rich side, e.g., CaZn 2 , the KHg 2 -type structure is not among the typical Laves phases, and its structure stabilization of structure type is attributed to an increasing electronegativity difference between minority (A) and majority (B) components at lower vec. [18] Our recent work has mainly focused on the VEC effect on structural stability of γ-brass related Pd 2−x Zn 11+x phases. [19] We demonstrated that partial replacement of the sp metal Al for Zn in γ-Pd 2−x Zn 11+x leads to either a ternary γ-brass or a 2 × 2 × 2 superstructure of the γ-brass structure. [19c] Moreover, similar results can also be achieved by replacing some Pd atoms with monovalent Au to obtain γ-Pd 2−x Au x Zn 11 (x = 0.2-0.8) phases. [19a] Laboratory) into weld-sealed, cleaned tantalum tubes under an argon atmosphere. These containers were further sealed in evacuated silica tubes under reduced pressure (~10 -5 torr). Several different reaction conditions were attempted to obtain single phase product, with the following procedure selected because maximum yields (90-95%) and, in some cases, single phase products were obtained. The reactants were heated continuously to 750 o C at a heating rate of 120 o C/hr, and held there for 18 hr. Thereafter, the silica tubes were quenched rapidly to room temperature from 750 o C by dropping tubes into cold water.
Subsequently, products were annealed at 400 o C for 5 days, at which point the silica tubes were quenched into cold water.
To examine phase purity and verify any homogeneity ranges, all samples were examined by powder X-ray diffraction using a Stoe Stadi P diffractometer with CuK α1 radiation (λ = 1.540598 Å, curved Ge (111) monochromator) in the transmission geometry with a linear position sensitive detector. The Lebail method was used to extract the lattice parameters of the various samples by fitting the whole diffraction pattern using the JANA 2000 program package. [21] Starting atomic parameters were taken from the corresponding single crystals results.
Semiquantitative microprobe analyses were performed on several single crystals using a JEOL 5910LV scanning electron microscope equipped with a Noran-Vantage energy-dispersive spectrometer.
To achieve more accurate compositions, samples were embedded in epoxy and carefully polished to obtain a flat surface. The energy dispersive X-ray (EDS) spectra were acquired using an accelerating voltage of 20 keV. Images were also taken in the back-scattered electron mode to check for the presence of any additional phases. No heavy elements other than Mg, Zn, and Pd were detected.
Single crystal diffraction studies were performed on various MgZn 2−x Pd x (0.15 ≤ x ≤ 1.0) samples to obtain the crystal structure and composition. Diffraction intensities were collected at room temperature on a SMART APEX II diffractometer equipped with a CCD area detector using graphite monochromated Mo Kα radiation (λ= 0.71073 Å). The crystal-to-detector distance was 6.0 cm for MgNi 2 and MgZn 2 -type structures and 4.0 cm for MgCu 2 -type structures. The diffraction data collection strategies were obtained from an algorithm in the program COSMO in the APEX II software package [22] composed of ω and ϕ scans. Data were indexed, refined, and integrated with the program SAINT in the APEX II package. [22] [23] An empirical multi-scan absorption correction was performed using SADABS as implemented also in the APEX II package. [22] Structure solutions were obtained via direct methods using the SHELXS program, [22, 24] and subsequent structural refinements were performed by full-matrix least squares procedures on |F| 2 for all data using SHELXL. [22, 24] The final stages of refinements were carried out using anisotropic displacement parameters on all atoms. Initial structural models for three different prototypic Laves phases were obtained from direct methods. Subsequent least-squares refinements quickly converged to residual R1 values that were less than 10% for three distinct structures. In all three cases, the thermal parameters of Zn positions were relatively low (0.06−0.09 Å 2 ) indicating possible mixing of Pd on these sites. In the following refinement cycles, all Zn atoms were treated as mixed Pd/Zn; subsequent refinements resulted in residual R1 values less than 5 %. Final stages of structure refinements were carried out with anisotropic displacement parameters for all atoms. Single crystal data collection and statistics on structure the atomic spheres approximation (ASA) were performed on MgZn 2 and models of MgZn 2 -type MgZn 1.37(2) Pd 0.63 to investigate similarities and differences in bonding features between these two compounds. Exchange and correlation were treated in the local density approximation. [25] All relativistic effects except spin-orbit coupling were taken into account using a scalar relativistic approximation. [26] In the ASA, space is filled with small, overlapping Wigner-Seitz (WS) spheres at each atomic site. The symmetry of the potential is considered to be spherical inside each WS sphere, and a combined correction takes into account the overlapping part [27] . The radii of the WS spheres were obtained by requiring that the overlapping potential be the best possible approximation to the full potential, and were determined by an automatic procedure. [27] No empty spheres were needed to satisfy the LMTO overlap criterion. The corresponding WS radii for the various atoms include the following values: Mg, 3.348 Å;
Zn, 2.730-2.841Å; and Pd, 2.73 Å. The basis set included Mg 3s, and 3p orbitals, Zn 4s, and 4p orbitals, and Pd 5s, 5p and 4d orbitals. The 3d orbitals of Zn are treated as core. The k-space integrations to determine the self-consistent charge densities, as well as DOS and crystal Hamiltonian orbital populations (COHP) [28] curves were performed by the tetrahedron method. [29] The self consistent charge densities were obtained using 545 irreducible k-points in the irreducible wedge of the Brillouin zone.
Results and Discussion:
Examination of Laves phase structure in MgZn 2-x Pd x provides an opportunity to understand the stability of Laves phases solely with respect to electronic factors like vec. Because the size difference between 12-coordinate Pd and Zn is negligibly small (r Pd = 1.375 Å and r Zn = 1.368 Å [30] ) compared to Mg (r Mg = 1.602 Å [30] ), substitution of zero-valent Pd for divalent Zn in the prototype MgZn 2 nullifies the size effect while changing the vec. In addition, based on the Pearson absolute electronegativity scale [31] both Zn and Pd (χ Zn and χ Pd = 4.45 eV) have similar electronegativities. On the other hand, MgPd 2 is not a Laves phase, but, instead, adopts the Co 2 Si-type structure (oP12). [32] In this study, several different compositions were synthesized in MgZn 2-x Pd x for x ranging from 0.1 to 1 (vec values decreasing from 2.00 to 1.34). (2)) as compared to the parent MgZn 2 (1.640 (3)) compound. Moreover, the MgZn 2 -type structure was never observed as a single phase; it always coexisted with an as yet unknown phase for 1.53 ≥ vec ≥ 1.33. The stability of the MgZn 2 -type at lower vec could be due to its larger fourth moment over the MgCu 2 -type, a feature which leads to electronic stabilization of the MgZn 2 -type at lower vec. [16] - sample with x = 0.8 yielded composition MgZn 1.37 Pd 0.63 (2) which is in good agreement with EDS analysis. The corresponding SEM micrograph is shown in the Figure 3 . The composition of the secondary, unknown phase could not be extracted because of extremely fine features that were too small for meaningful EDS analysis. For x = 1, a noticeable increase in cell volume has been observed for MgZn 2 -type structure (see Table 3 ), however, c/a is similar (1.588 (2) [16] and CaAl 2-x Li x . [17] In MgZn 2-x Pd x a small deviation from the ideal value is observed when the structure changes from MgZn 2 → MgNi 2 → MgCu 2 upon addition of Pd. However, when the ---------- Figure 3 , Table 3 and Table 4 Interestingly, re-emergence of the MgZn 2 -type structure was observed at higher Pd content in 
Phase Identification and Phase Widths:

Electronic Structure Calculations:
To study the electronic structure of MgZn 1.37(2) Pd 0.63 , two hypothetical, ordered models, A similar enhancement of a pseudogap due to covalent bonding interactions has also been observed for Mg 1-y Sc y Zn 2 phases. [34] In addition, first principles calculations have shown the dominant covalent bonding character in binary MgZn 2 Laves phase. [10a, 35] The relative strengths of orbital interactions are also analyzed in terms of integrated -COHP analysis and the corresponding values are listed in Table 5 . -ICOHP values for all other interactions are reasonably comparable to MgZn 2 (see Table 5 ). with a recent report. [11, 38] In contrast, the bonding attractors in MgZn 2 were located near Mg-Zn bonds for η = 0.47 but slightly off-centered. At slight lower ELF values (η = 0.46) another small bonding attractor was observed only between the short Mg-Mg contact in the (001) plane (see Figure S2 
Summary:
This systematic study reports the synthesis and structural characterization of pseudo-binary Asterisks indicate the reflections corresponding to an unknown phase. [1] 2.734 MgZn 2 [2] 2.841-2.972 MgPd 2 [3] 2.613-2.857
Mg 4 Zn 7 [4] 2.928-2.957 MgPd 3 [3] 2.762-2.779
Mg 21 Zn 25 [5] 2.950-2.998 Mg 3 Pd [6] 2.684-2.852 Mg 2 Zn 11 [7] 2.914-3.060 Mg 5 Pd 2 [8] 2.570-2.991
Mg 51 Zn 20 [9] 2.602-3.093 
